Abstract: A sandwich enzyme labelled immunoassay (ELISA) has been developed for the detection of Campylobacter jejuni in food using magnetic poly(glycidyl methacrylate) (PGMA) microspheres as an alternative solid phase. The microspheres (c. 2.5 µm in diameter) were prepared by dispersion polymerization in the presence of carboxymethylcellulose-coated Fe 3 O 4 -obtained by precipitation of Fe(II) and Fe(III) salts with aqueous ammonia -finely dispersed in ethanol/water solution using poly(vinylpyrrolidone) and 2,2'-azoisobutyronitrile as stabilizer and initiator, respectively. PGMA microspheres were ammonolyzed and the antibody against Campylobacter jejuni was immobilized via the 2,4,6-trichloro-1,3,5-triazine method. The optimal concentration of the second hen IgY was 50 µg/ml and the optimal concentration of the labelled antibody (rabbit anti-hen IgY immunoglobulin-horseradish peroxidase complex) reached 4 µg/ml. The detection limit of the assay was 4.8⋅10 6 cfu/ml. A limited number of artificially contaminated and uncontaminated food samples have been tested. Only one false-negative and one false-positive result (out of 18) were observed.
Introduction
Magnetic nano-and microparticles find wide spreading applications involving in vitro isolation and purification of biomolecules, such as antibodies, peptides, nucleic acids, enzymes, also cells, bacteria or viruses, from complex biological mixtures including blood, tissues, foodstuffs, water and soil. Another application includes separation and subsequent determination of microbial pathogens, such as Escherichia coli, Salmonella enteritidis, Staphylococcus aureus, and Listeria monocytogenes in foodstuffs [1] [2] [3] [4] . The reason for a big demand for magnetic particles is that they are much easier to separate from suspensions than regular suspensions involving non-magnetic materials. Magnetic particles can thus replace the cumbersome steps of centrifugation or filtration. They have the advantages of large accessible surface areas, facile collection and elution of small volumes, absence of microcolumn style operation, and of minimal losses during washing and transferring, all of which being favourable attributes for automation. DNA purification using magnetic particles does not require heating, cooling or using toxic agents, it proves to be simple, rapid and convenient. Other requirements for magnetic particles for biotechnological applications involve monodispersity (for the sake of reproducibility), polarity of the particle surface (to minimize non-specific protein adsorption) and the presence of bioreactive groups.
Campylobacter spp. is a zoonotic bacterium frequently associated with human diarrhoea in both industrialized and developing countries. Campylobacter infections lead to economic losses in terms of decreased productivity and medical costs. The symptoms of acute enterocolitis caused by campylobacters are manifested by malaise, fever, and severe abdominal pain and watery to bloody diarrhoea. The rare extraintestinal infections include bacteraemia, hepatitis, cholecystis, hemolytic-uremic syndrome, nephritis, proctitis, myocarditis, and splenic rupture [5] . Post-infection complications are also rare and include reactive arthritis [6] , Reiter's syndrome [7] and autoimmune-mediated disorders of the peripheral nervous system named Guillain-Barré syndrome or its variant Miller-Fisher syndrome [8] [9] [10] [11] [12] . Transmission of the microorganism to humans is usually associated with handling and consumption of undercooked products or cross-contaminated food not subsequently heated [13] .
The conventional microbiological methods for detection of campylobacters in food take approximately five days and are very labour-and time-consuming. The present study is aimed at the development of new magnetic poly(glycidyl methacrylate) (PGMA) microspheres as an alternative solid phase for the rapid detection of Campylobacter jejuni in food and foodstuffs by means of sandwich ELISA.
Experimental part

Materials
Glycidyl methacrylate (GMA; Röhm GmbH, Germany) was vacuum-distilled before use. Carboxymethylcellulose (CMC; Na salt; M w = 90 000, degree of substitution = 0.56) was from VEB Chemie Fabrik Fischer, Germany. 2,2'-Azoisobutyronitrile (AIBN, Fluka) was twice recrystallized from ethanol. FeCl 2 × 4 H 2 O, FeCl 3 × 6 H 2 O and poly-(vinylpyrrolidone) K 30 (PVP; M w = 40 000) were also purchased from Fluka. 2,4,6-Trichloro-1,3,5-triazine (TCT) was from Aldrich.
Both rabbit IgG and hen IgY to Campylobacter jejuni were prepared by Dr. Jiří Škvor of the Department of Anthropology, Faculty of Science, Charles University in Prague, Czech Republic. Rabbit anti-hen IgY immunoglobulin-horseradish peroxidase conjugate (c = 8.0 mg/ml, Px/IgG = 0.91) was purchased from Sigma-Aldrich, Prague, Czech Republic. The strain Campylobacter jejuni subsp. jejuni Penner serotype 23 (CCM 6214) was obtained from the Czech Collection of Microorganisms (Brno, Czech Republic).
1,4-Dioxane and common solvents were from Lachema, Neratovice, Czech Republic, and other chemicals were from Aldrich and used as received. Ultrapure Q water ultrafiltered on a Milli-Q Gradient A10 system (Millipore, Molsheim, France) was used for the preparation of solutions. Phosphate buffer was prepared by dissolving 0.05 M Na 2 HPO 4 and 0.05 M KH 2 PO 4 in 0.15 M NaCl and the pH was adjusted to 7.8.
Precipitation of magnetic iron oxide
Exactly 24.32 g of FeCl 3 × 6 H 2 O and 11.92 g of FeCl 2 × 4 H 2 O (mole ratio 2:1) were stirred in 50 ml of Q water under nitrogen. After equilibration, 50 ml (50% excess) of 28% NH 4 OH solution was added to the mixture during 20 -30 min. 10 ml of aqueous solution containing 0.5 g of CMC was then added at 90°C and the reaction proceeded for 5 h until the NH 3 odour disappeared. After cooling to room temperature, the nanoparticles were washed with water for 4 days (200 ml of water three times a day). The magnetite particles were separated using a magnet below the flask bottom; water was removed by decantation, and iron oxide transferred into ethanol.
Preparation of magnetic microspheres
AIBN-initiated and PVP K 30-stabilized dispersion polymerization of GMA was performed in aqueous ethanol solution in the presence of the CMC-coated magnetic fluid. The dispersion medium containing 8 g of water, 60 g of ethanol, and 1.6 g of CMC-coated iron oxide particles was sonicated for 20 min using an Ultrasonic Homogenizer 4710 Series, Cole-Palmer Instruments, USA, at 50% power. Spontaneous particle redispersion occurred, creating a homogeneous and black dispersion. Then, 1.8 g of PVP K 30 was added, and after sonication, the flask containing this dispersion was mounted to a reactor. 12 g of GMA monomer and 0.24 g of AIBN were added and the solution was deoxygenated by purging with nitrogen for 10 min. The reaction was run at 70°C with stirring (500 rpm) for 17 h. Washing the resulting microspheres with ethanol removed all reaction by-products and excess of stabilizer. Finally, they were dried from ether.
Ammonolysis of magnetic PGMA microspheres
0.5 g of magnetic PGMA microspheres was mixed with 10 ml of 10 M aqueous ammonia at laboratory temperature for 24 h. The microspheres were separated by decantation and washed 5 times with water (until eluate reached pH 7). The nitrogen content was determined by elemental analysis (Perkin Elmer 2400 CHN Elemental Analyzer).
Activation of ammonolyzed magnetic PGMA microspheres with 2,4,6-trichloro-1,3,5-triazine (TCT)
0.5 g of the amino derivative of magnetic PGMA microspheres was transferred into 10 ml of 1,4-dioxane/water mixture (60/40 v/v), the suspension cooled to 0°C and a solution of 10 mg of TCT in 1 ml of 1,4-dioxane added with intensive stirring. After 1 min, microspheres were separated and washed with an iced 60/40 v/v 1,4-dioxane/ water mixture and iced water.
Reaction with immunoglobulin
Antibody against Campylobacter jejuni (IgG; 10 mg) was dissolved in 10 ml of 0.05 M phosphate buffer containing 0.15 M NaCl. PGMA microspheres activated with TCT (see above) were added and the suspension stirred at 23°C for 1 h. Concentration of IgG in the eluate was determined spectrometrically at 275 nm. Resulting microspheres containing c. 6 mg of antibody/g were repeatedly washed with 0.05 M phosphate buffer (pH 7.8).
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Characterization
Fe 3 O 4 nanoparticles were sprayed on a grid with carbon membrane and observed by transmission electron microscopy (TEM; JEOL JEM 200 CX). Average diameter, particle size distribution and surface morphology of the polymer particles were characterized by scanning electron microscopy (SEM; JEOL JSM 6400), followed by statistical treatment. For the measurement, a drop of dilute microsphere dispersion in ethanol was spread on a glass surface and dried in dust-free environment at room temperature. The dried sample was then sputtered in vacuum with a thin layer (c. 4 nm) of platinum before viewing by SEM. Particle size and distribution (polydispersity index PDI -weight-to number-average particle diameter) were determined by measuring at least 300 particles for each sample. Other characterization methods were described earlier [14] .
Sandwich ELISA of Campylobacter jejuni
Campylobacter jejuni capture and detection using antibody-containing magnetic microspheres is schematically shown in Fig The contents of the wells were again incubated at room temperature for 1.5 h with shaking. Particles were then washed 3 times with PBST. After this step, 50 µl of rabbit anti-hen IgY immunoglobulin-horseradish peroxidase conjugate diluted with 1% BSA in PBST to a concentration of 4 µg/ml was added. After 1 h incubation at room temperature, the microspheres were 3 times washed with PBST and once with deionized water. The microsphere suspension was transferred into the wells of another polystyrene microplate, the microspheres were concentrated at the bottom of the wells by means of a magnetic separator and the washing solution was removed before the application of a substrate. Finally, 100 µl of the substrate for peroxidase (2.7 mmol of o-phenylenediamine hydrochloride in 0.05 M citrate/phosphate buffer pH 4.0 containing 0.03 vol.-% of H 2 O 2 ) was added and incubated at room temperature for 0.5 h under shaking.
The enzyme reaction was terminated by the addition of 50 µl of 2 M H 2 SO 4 . The microspheres were concentrated at the bottom of the wells using the magnetic separator and 100 µl of the microsphere-free solution from each well was transferred into the corresponding well of the new microplate. The absorbance was measured at 492 nm directly in the wells by the microplate reader SLT RainBow (Tecan, Hombrechtikon, Switzerland).
The calibration curve has been calculated according to the four-parameter equation [15] . The detection limit was calculated as the average value of absorbance at zero standard concentration plus three standard deviations. 
Detection of Campylobacter by means of the gold-labelled immunosorbent assay
The detection of campylobacteria in food samples by Singlepath Campylobacter GLISA-Rapid Test (Merck, Darmstadt, Germany) was performed according to the manufacturer's instructions.
Preparation and analysis of artificially contaminated and uncontaminated food samples
Preparation of artificially contaminated samples was described previously [16] [17] . Both contaminated and uncontaminated samples were handled and characterized as described in the standard ČSN ISO 10272 Microbiology of food and animal stuffsHorizontal method for detection of thermotolerant Campylobacter. Briefly, 25 g or 25 ml of sample was added to 225 ml of Park and Sanders broth (HiMedia, Mumbai, India) supplemented with 1% (v/v) of haemin solution HEM-VIT (Dulab, Dubné, Czech Republic), and 0.2% (v/v) of Park and Sanders Selective Supplement I (HiMedia, Mumbai, India) and then homogenized for 2 min by means of a peristaltic homogenizer. The contaminated samples were prepared by addition of 1% (v/v) of freshly prepared inoculum of Campylobacter spp. Both contaminated and noncontaminated samples were incubated at 32°C for 4 h. Park and Sanders Supplement II (HiMedia, Mumbai, India) was added and samples were incubated at 37°C for 2 h and then at 42°C for 72 h. One loop of culture was streaked on a Karmali agar plate (HiMedia, Mumbai, India) and a CCDA plate (Oxoid, Basingstoke, England). Six characteristic discrete colonies were characterized applying the following tests: Gram-staining, oxidase and catalase test, utilization of glucose, lactose and sucrose from TSI agar (HiMedia, Mumbai, India), production of H 2 S (TSI agar), growth at 25°C, hydrolysis of hippurate and sensitivity to nalidixic acid and cephalotin. Hippurate hydrolysis was tested with commercially available HIPPURATEtest (PlivaLachema, Brno, Czech Republic). The oxidase test was performed with OXItest (Pliva-Lachema, Brno, Czech Republic). The susceptibility of the tested strains to nalidixic acid and cephalotin was examined using 30 µg discs (HiMedia, Mumbai, India) placed on the surface of inoculated Muller-Hinton agar (HiMedia, Mumbai, India) plates.
Results and discussion
Magnetic PGMA microspheres
First, magnetite colloid was obtained by precipitation of Fe(II) and Fe(III) salts in alkaline medium. With the aim to obtain Fe 3 O 4 nanoparticles readily dispersible in ethanol, which is a preferable medium for the dispersion polymerization of GMA, CMC was used as a coating for the particles. Fig. 2 shows a TEM micrograph of such Fe 3 O 4 nanoparticles in ethanol -the particles remain discrete entities; no aggregation was observed. The particles are almost spherical with diameters of up to c. 11 nm. Such magnetite nanoparticles without compact polymer shell, however, often suffer from aggregation in water, especially under changing pH or addition of electrolytes. Their size is also too small to enable efficient manipulation and operation with large biomolecules. Moreover, immobilization (attachment) of various biomolecules to iron oxide nanoparticles is not easy without a proper modification. For this reason, polymer microspheres are being developed.
Magnetic PGMA microspheres were produced by dispersion polymerization of glycidyl methacrylate in the presence of CMC-coated Fe 3 O 4 finely dispersed in ethanol/water solution using poly(vinylpyrrolidone) (PVP) and AIBN as a stabilizer and initiator, respectively. Dispersion polymerization is noted for the fact that while monomer is soluble in the present solvent (aqueous ethanol), its polymer precipitates [18] . Iron oxide nanoparticles then serve as polymerization seeds. Steric stabilizer (PVP) is used to prevent microsphere aggregation during the polymerization process.
In this study, a standard polymerization recipe contained the monomer at a concentration of 15 wt.-% and PVP at 2.25 wt.-% (relative to the total weight). The AIBN initiator concentration was 2 wt.-% relative to the monomer. Resulting microspheres had a rather good sphericity and narrow particle size distribution (PDI = 1.05; Fig. 3 ). They were 2.55 µm in size and contained 6.3 mmol of oxirane groups/g (from an IR spectrum on the basis of the peak area at 910 cm -1 ) and 4.8 wt.-% of iron (atomic absorption spectroscopy of a sample extract). The advantage of the PGMA micro-spheres, contrary to, e.g., styrene-based ones, is that their oxirane groups can be easily modified to side chains by various reactions. 
Modification of magnetic PGMA microspheres
Oxirane groups of PGMA microspheres are generally easily hydrolyzed in acidic medium to hydroxy groups. This is, however, always associated with the danger of magnetite dissolution by the acid resulting in an undesirable loss of magnetic properties. In contrast, a good experience was gained with amino derivatives of PGMA microspheres, in the preparation of which the magnetite dissolution does not occur. Ammonolysis of PGMA microspheres (Scheme 1) introduced c. 3 mmol of NH 2 groups per one g of the polymer (nitrogen analysis). Such an amount of NH 2 groups is more than sufficient for subsequent antibody immobilization. Moreover, ammonolysis of oxirane groups, always accompanied by hydrolysis, makes the microspheres more hydrophilic, thus restricting undesirable non-specific protein adsorption. 
Immobilization of antibody against Campylobacter jejuni
The antibody against Campylobacter jejuni was coupled to the above amino derivative of magnetic PGMA microspheres via the 2,4,6-trichloro-1,3,5-triazine method (Scheme 1 [19] ). Dissolution of immunoglobulin in phosphate buffer induced a slight pH decrease (pH 7.76). pH of the reaction system further decreased to 6.55 after addition of TCT-activated amino derivative of PGMA microspheres, which can indicate the reaction progress accompanied by the HCl release. From the decrease in IgG concentration in the reaction medium monitored by UV spectrometry, the amount of the bound immunoglobulin was estimated to be 6 mg per g of dry polymer microspheres.
Optimization of enzyme immunoassay and detection of C. jejuni in food
Magnetic PGMA microspheres with covalently immobilized rabbit IgG to Campylobacter jejuni were used as an alternative solid phase in ELISA of this microorganism. Estimation of optimal immunoreagent concentration to achieve maximal assay sensitivity and detectability is the first task in the development of any immunochemical method. The optimal concentration of hen IgY was 50 µg/ml (Fig. 4) . If the concen-tration of second antibody was higher than 50 µg/ml, the measured absorbance was higher than 2.0; an undesirable increase in background levels was observed, too (data not shown). If the IgY concentration was lower than optimal, the calibration curve became flat and the sensitivity of the analytical system was insufficient as it follows from Fig. 4 . Attention was then focused on parameters of the calibration curves during the optimization procedure. The shape of the curve is given by the quality of antibody. The antibody titre determines the height of the curve. The high association constant is manifested itself by a shift of the calibration curve to lower antigen concentrations. In an ideal case, the linear part of the curve can cover the antigen concentration in the range of 1 -2 orders of magnitude and the height of the linear region can cover at least 1.0 -2.0 absorbance units. The slope of the linear part of the calibration curve depends on antibody affinity. The slope is steep if highaffinity antibodies are used; for low-affinity ones, the curve grows slowly. The labelled antibody, the optimal concentration of which was necessary to determine, is another factor influencing sensitivity and reliability of the assay. The application of high concentrations of the anti-immunoglobulin antibody-enzyme complex increases the rate of binding and allows the assay to be completed more rapidly. Higher concentrations, however, increase the non-specific binding and decrease thus the measurable analyte range. Low conjugate levels decrease the specific absorbance measured, but the non-specific binding usually remains unchanged. Inadequate conjugate concentrations may also result in a 'hook effect' [20] . In our immunoassay, the optimal concentration of rabbit anti-hen IgY immunoglobulin-peroxidase complex was 4 µg/ml. Under such conditions, the detection limit of the assay reached 4.8·10 6 cfu/ml (colony forming units per millilitre). A limited number of both naturally and artificially contaminated food samples were tested. All samples were purchased in a local supermarket. The concentration of campylobacter cells present in the food samples was quantified and the detection limits were calculated for each measurement. The samples giving cell levels equal or higher than the detection limit were considered as positive. Several factors can contribute to scatter of the results if magnetic microspheres are used as an alternative solid phase in the enzyme immunoassay. The main problems are: i) loss of slight amounts of microspheres during washing, ii) relatively high amounts of residual liquid between the microspheres, iii) mechanical damage of the antibody layer on the microsphere surface by shaking during the incubation steps, and iv) twofold transfer of the reaction mixture in wells of new polystyrene microplates. The transfer is necessary to eliminate the high background values caused by non-specific binding of immunoreactants on the microplate surface and for final absorbance measurement. Some of these problems can be overcome at least partly. Direct application of the labelled IgY to C. jejuni and omitting the step in which the anti immunoglobulin antibody-peroxidase complex is used will reduce the analysis time, the number of washing steps, and simplify the assay procedure. Employment of glass tubes instead of polystyrene microplates results in decreasing the undesirable adsorption of immunoreactants and transfers of the reaction mixture can be left out from the procedure. On the other hand, the immunomagnetic ELISA thus becomes a little laborious.
Conclusion
Magnetic PGMA microspheres of narrow size distribution were produced by dispersion polymerization in the presence of CMC-coated Fe 3 O 4 colloid. Their oxirane groups were easily ammonolyzed and the antibody against Campylobacter jejuni immobilized. A great advantage of covalently bonded antibodies consists in that the desorption caused by changing pH or by surfactants present in washing liquids is eliminated. Campylobacter jejuni was successfully detected (limit concentration 4.8·10 -6 cfu/ml) in meat, milk and water using sandwich ELISA if the concentration of rabbit anti-hen immunoglobulin-peroxidase complex was 4 µg/ml. Compared with conventional biological tests, determination of bacteria by sandwich ELISA on magnetic PGMA microspheres is fast and simple. Moreover, immunomagnetic separation has been proposed as a method of selective enrichment [1, 3, [21] [22] [23] . This procedure takes 10 min and thus the analysis is substantially speeded up. In clinical tests, sample enrichment can be avoided. The sandwich enzyme immunoassay using magnetic PGMA microspheres with covalently bound antibody could be an effective tool for rapid detection of the presence of campylobacters in food and, potentially, also in clinical and environmental samples.
